We report on a calculation of the growth of the masses of supermassive black holes at galactic centers from dark matter and Eddington limited baryonic accretion. Using the loss cone mechanism and under the assumption that dark matter particles are scattered by molecular clouds, we find that dark matter accretion can boost the mass of seed black holes from about ∼ 5M⊙ to 10 5 M⊙ black holes, which then grow by Eddington limited baryonic accretion to supermassive black holes of 3 × 10 9 M⊙. We then show that the formation of the recently detected 3 × 10 9 M⊙ supermassive black hole at a redshift of z = 6.41 in the quasar SDSS J114816.64+525150.3 could be understood if dark matter accretion starts at about 2 × 10 8 years i.e. at a redshift of z ∼ 17 in the concordance cosmology. Our results are in full agreement with the WMAP observations which indicate that the first onset of star formation might have occurred at a redshift of z ∼ 15 − 20. Finally, we investigate the black hole growth dependence on the mass of the seed black hole at different plausible times of its formation. It is shown that to form a black hole of 3 × 10 9 M⊙ or less, the seed black hole cannot be greater than about 10 4 M⊙.
Introduction
Over the past few years, the idea of dark matter (DM) and the possible existence of supermassive black holes (BH) of masses from 10 6.5 to 10 9.5 M ⊙ at the center of galaxies (Macchetto et al. 1997; Schödel et al. 2002) have become deeply rooted within the astrophysical community. The exploration of the relationship between these two intriguing problems of modern astrophysics has been the subject of an increasing number of papers.
It has been established that the mass of the central BH is tightly correlated with the velocity dispersion σ of its host bulge, where it is found that M BH ∼ σ 4−5 (Faber et al. 1997; Magorrian et al. 1998; Ferrarese & Merritt 2000; Gebhardt et al. 2000; Ferrarese 2002) . This tight relation between the masses of the BHs and the gravitational potential well that hosts them suggests that the formation and evolution of supermassive BHs and the bulge of the parent galaxy may be closely related, i.e. Wang, Biermann & Wandel (2000) . In addition, the recent discovery of high redshift quasars with z > 6 ( Fan et al. 2001) implies that the formation of supermassive BHs proceeded in less than 10 9 years. In spite of the vast and tantalizing work undertaken on BHs, their genesis and evolution are not well un-Send offprint requests to: F. Munyaneza, e-mail: munyanez@mpifr-bonn.mpg.de ⋆ Humboldt Fellow derstood (See Rees 1984 for a review). Since the discovery of quasars in the early 1960ies, it has been suggested that these objects are powered by accretion of gas onto the supermassive BHs of masses 10 6 − 10 9 M ⊙ (Lynden-Bell 1969). Two scenarios have been discussed in modeling the growth of BHs. One is that BHs grow out of a low mass 'seed' BH through accretion (Rees 1984) , and another one is that BHs grow by merging (Barkana et al. 2001 ). In a recent paper, Duschl & Strittmatter (2004) have investigated a model for the formation of supermassive black holes using a combination of both merging and accretion mechanisms.
The purpose of this paper is to study the growth of BHs from dark matter and Eddington limited accretion. In fact, the resulting distribution of stars around a massive BH was studied in detail in the 1970s and early 1980s in the context of globular clusters (Hills 1975; Frank & Rees 1976; Bahcall & Wolf 1976; Shapiro 1985) . Peebles (1972) has studied the adiabatic growth of a BH in an isothermal sphere and showed that the BH would alter the matter density to an adiabatic cusp with ρ ∼ r −3/2 . A few years later, Young (1980) constructed numerical models that confirmed Peebles' results and showed that the BH induces a tangential anisotropy in the velocity dispersion. In this paper, we use the results of previous calculations on the growth of BHs accreting stars (Lightman & Shapiro 1978) to investigate the growth of a BH accreting DM. Here we assume that the physics driving the formation of the power law cusp in the star -star case is the same as in the case of dark matter particles orbits being perturbed by molecular clouds. In fact, Julian (1967) investigated a similar scenario in which the stellar orbits were perturbed by molecular clouds.
Given the velocity dispersion and the total mass of DM halos, we are interested in establishing how a seed BH would grow accreting DM. Moreover, the comparison of the growth of the BH from accretion of DM and Eddington limited baryonic matter would give us another piece of information in the debate surrounding the nature of DM. We therefore investigate how a BH seed of 5 M ⊙ could grow to a 3 × 10 9 M ⊙ BH as recently detected in quasar SDSS J1148+5251 at z=6.41 (Willot, McLure & Jarvis 2003) . Such a seed BH of a typical mass between 5 and 9 M ⊙ could have evolved in BH binaries (Podsiadlowski, Rappaport & Hau 2003) . Here, we note that the seed BH could be an intermediate mass black hole (IMBH) of 10 3−4 M ⊙ that might have formed from collisions in the dense star-forming regions (Portegies Zwart & McMillan 2002 , Coleman Miller 2003 and van der Marel 2003 for a review). In fact, in the recent past, Wang & Biermann (1998) have established that a BH would grow exponentially with time accreting baryonic matter as long as the supply lasts. Assuming a cusp like distribution of self-interacting DM (Spergel & Steinhardt 2000) , Ostriker (2000) has estimated that BHs could grow to 10 6 −10 9 M ⊙ from DM accretion. For completeness, we note that accretion of DM particles by black holes has recently been studied in Zhao, Haehnelt, Rees (2002) and Read & Gilmore (2003) .
Cosmological parameters of H 0 = 70 km s −1 Mpc −1 , Ω m = 0.3 and Ω Λ = 0.7 are assumed throughout this paper. The outline of this paper is as follows: In section 2, we establish the growth of BHs from DM and Eddington limited accretions. We conclude our letter with a discussion in section 3.
Black hole growth

Dark matter accretion
We study the growth of a seed BH of about 5M ⊙ introduced at the center of dark matter halos of masses ranging from 10 9 M ⊙ to 10 14.5 M ⊙ . The lower limit corresponds to dwarf galaxy halo masses while the upper limit corresponds to the most massive halo such as of M87. Dark matter is characterized by its mass density ρ(r) and its velocity dispersion σ. We denote the mass of DM particles by m DM . The following assumptions are made on the distribution of dark matter: i) Dark matter is collisionless, ii) the density distribution has a core, i.e. ρ → const near the center of the dark matter halo. In the case of our Galaxy, the core region extends up to about one kpc and iii) the dark matter distribution behaves like an isothermal gas sphere with ρ ∼ 1/r 2 (van Albada et al. 1985) in 10 -26 10 -25 10 -24 10 -23 10 -22 10 -21 10 -5 10 -4 10 -3 10 -2 10 -1 10 0 10 1 10 2
Mass density [g cm -3 ] Radius (kpc) Fig. 1 . The density distribution of dark matter in the Galaxy. For small r, the density ρ is almost constant while ρ scales as 1/r 2 in the outer edge of the DM halo.
the outer edges of the halo. The radial distribution of dark matter for the case of the Galaxy is plotted in Fig.1 . This density profile has been chosen to yield a total mass of the DM halo of 3 × 10 12 M ⊙ and a DM velocity dispersion of 247 km/s. We also choose to use such density profile with a core in the center instead of a steep power law r −γ with γ ≈ 1 − 1.5 (e.g., Navarro, Frenk & White 1997) as we are assuming here that a central cusp is a result of the BH growth.
It is well established that a BH will induce a density cusp of ρ(r) ∼ r −3/2 at the center of a dark matter halos (Lightman & Shapiro 1978; Quinlan et al. 1995; MacMillan & Henriksen 2002; Merritt 2003) . Following Spitzer & Schwarzschild (1951 , 1953 and Julian (1967) , we assume that DM orbits are perturbed by molecular clouds of mass m pert ≈ 10 6 M ⊙ . In fact, it has been recently reported that molecular gas of total mass ∼ 10 10 M ⊙ is observed in the host galaxy of exactly the same quasar SDSS J114816.64+525150.3 at z ≈ 6.41 (Walter et al. 2003) . The BH accretion rateṀ BH is thus given bẏ
where
is the capture radius with 0 ≤ η < 1 i.e. R a is some arbitrary and small fraction of the Bondi Hoyle radius, and v is the relative velocity of dark matter particle and clouds at large separation. δΩ is the fraction of solid angle subtended by the loss cone, R is the size of the DM halo and τ ref ill (r) is the time needed to refill the loss cone. The fraction of phase space δΩ can be written as
where ∆v is the change of its velocity due to multiple gravitational interactions. Let us denote by r the radial distance from the BH to the DM particle position,r the distance from the BH to the molecular clouds, θ is the angle between the direction from the BH to the DM particle and its projection in the disk and finally ϕ is the angle between the direction from the BH to the molecular clouds and to the foot of the DM particle location in the disk. The diagram for the geometry used is shown in Fig.2 .
In order to get the expression for the time τ ref ill (r) needed to refill the loss cone which is due to multiple smallangle gravitational (Coulomb) encounters, we evaluate the random walk integral (Spitzer 1987) 
where p 0 and p are given by
In the above equations, we have used the values of 0.1 kpc and 20 kpc forr min andr max , respectively. We will also assume the following 3D number density distribution equivalent to the surface density for molecular clouds (Güsten & Mezger 1982) 
where r 0 = 5 kpc is a scaling distance and σ 0 is a constant denoting the surface density to be chosen a posteriori. Inserting the last expression (5) for the number density into equation (3), after integration we get the following equation for the time to refill the loss cone:
where the function I(r, θ) is given by the following integral
In the last integral, x min =r min /r 0 = 0.02 and x max = r max /r 0 = 4. The function I(r, θ) tends to a constant for r → 0 whereas for big values of r it scales as 1/r 2 . Next, we insert the fraction of the phase space δΩ and the time to refill τ ref ill from eqs. (2) and (6) into the BH growth equation (1). In result the capture radius R a drops out in the accretion integral and we geṫ
The analysis of the integral in the last equation shows that the inner region is not contributing at all to the BH growth and that the lower limit R a could even be taken to be zero. Thus the accretion rate is independent on the BH mass. We then rewrite equation (9) in a more convenient form
where M DM is the total mass of the DM halo and τ DM is given by
with Λ being given by
where R is the distance at which the refilling time becomes equal to the depletion time, i.e. R ∼ 8 kpc, M DM ∼ 3 × 10 12 M ⊙ for Milky Way galaxy and Λ ≈ 14. We also note that we have used the symbol σ for the velocity dispersion instead of v in the equation (11) and they are related to each other through the relation v 2 = 2σ 2 (Lightman & Shapiro 1978 ). In addition, we have also used the fact that m pert >> m DM .
In figure 3 , we plot the refilling time, the accretion rate, and the depletion rate as a function of the radius from the center of DM halo. The following parameters have been used in this plot: the mass of the BH M bh = 3 × 10 6 M ⊙ , the velocity dispersion σ = 257 km s −1 and the mass of molecular clouds m pert = 10 6 M ⊙ . It is seen from this plot that the BH feeds mostly from DM particles of orbits of ∼ 1 kpc and that the DM halo gets mostly depleted right from inside. In the next figures, we will fix the value for the surface density to σ 0 = 0.53 kpc −2 which is reasonable value for a number of clouds between 10 3 and 10 4 and a radial distribution scale of about 20 kpc.
The integration of equation (10) is straightforward and Finally, the top panel illustrates where the DM halo gets mostly depleted. The surface density σ 0 is varied as shown on the plot. The DM is eaten up from the inside, and so that although most of the feeding is done from outside the eating edge in the integral, the inner part of the DM halo gets eaten completely. As a result the mass distribution is modified in the sense, that the gravitational potential is dominated by a BH in the region where the DM distribution shows a hole around the central BH.
where M i BH is the initial seed BH mass at time t = t i . We are using this result because the quantities in equation (13) are not time dependent, or they depend very weakly on time. This is justified, since most of the eating comes from a region, which is not heavily depleted, and wherever the DM halo is actually strongly depleted, it does not contribute much to the BH feeding. Moreover, we will assume the seed BH mass to be in the range between 1 and 10 solar masses. For σ ∼ 300 km s −1 and M DM ∼ 10 12 M ⊙ for the mass of the DM halo, the mass of the BH after growing a Hubble time can be estimated to be ∼ 10 6 M ⊙ just from DM accretion. Let us point out that a linear BH growth law was also found from numerical simulations of DM particles falling onto a BH (MacMillan & Henriksen 2003).
Eddington limited baryonic accretion
The details of Eddington limited baryonic accretion were studied by many, here we refer to Wang & Biermann (1998) and provide the main formulae:
where τ EDD = 10 7.69 years × ǫ 0.1 is the corresponding time scale, ǫ being the efficiency. This value for τ EDD has been chosen to fit the exponential growth of BHs given by Fig. 1 of Wang & Biermann (1998) . The BH mass is found to grow in this case as
and the corresponding Eddington luminosity for an efficiency ǫ of 0.1 is
In Fig. 4 , we present the growth of supermassive BHs accreting DM and baryonic matter. It is seen from the plot that a BH grows faster in the beginning accreting DM than baryonic matter. The data point shown in Fig. 4 at t = 8.4 × 10 8 years is the recent detection of a supermassive BH of mass of M BH ∼ 3 × 10 9 M ⊙ in the quasar SDSS J114816.64+5251 at a redshift of z = 6.41 (Willott, McLure & Jarvis 2003; Fan et al. 2001) . We conclude that neither DM accretion nor baryonic matter accretion can fit this data point and the curve for the growth of the BH due to baryonic matter lies on the right of the data point. It is important to mention that using equation (15) the total mass of the BH from Eddington limited accretion at t = 8.4 × 10 8 years i.e. z = 6.41 is 1.4 × 10 8 M ⊙ which is about ten times less the inferred BH mass of 3 × 10 9 M ⊙ , clearly outside the error range. However, changing the accretion efficiency to ǫ ≈ 1.3 × 10 −2 , Eddington baryonic matter accretion might suffice to fit the data point and thus consistency cannot be reached, since the mass of the BH was derived from the luminosity using an efficiency of ǫ = 0.1. Fig. 4 . The mass M BH of the BH is plotted as a function of time t for DM and Eddington limited baryonic matter accretion. It is seen from this plot that DM dominates the BH growth at early times. A value of M DM = 3 × 10 12 M ⊙ has been used for the DM halo mass. The curve for the Eddington accretion has been taken from Wang & Biermann (1998) . The luminosity and the redshift are shown on the right vertical and top horizontal axes, respectively.
Combined accretion
The total BH accretion rateṀ BH is thus given by
The last equation is easily integrated to yield
In the limits of t << τ EDD we recover the linear BH growth given by equation (13) whereas for t >> τ EDD the BH grows exponentially according to equation (15). The initial BH mass M BH = M i BH corresponds to an accretion starting time of t = t i . In Fig. 5 , the mass of the BH is plotted as a function of time for different masses of DM halos. In this plot, we have used the least and the most massive halos as these would give us limits on the mass of the BH. In comparing Fig. 4 and 5, we note DM accretion plays an important role to shift the BH growth curve to the left of the data point and this gives limits to any masses of the BH that could be obtained at the center of galaxies. For dwarf galaxies, a velocity dispersion of σ = 8 km s −1 has been used whereas a value of σ = 970 kms −1 has been adopted for M87. We recall here that the BH accretion rate from DM is inversely proportional to the cube of the velocity dispersion σ. Here, we also point out that any peculiar velocity of the BH itself adds in σ, and so diminishes any BH feeding with its third power, if significant.
The gravitational system, in which molecular clouds provide the interaction path between DM particles and Fig. 5 . The same as in Fig. 4 but for different masses of DM halos. Dwarf galaxies would make a BH grow much faster than M87 as the BH accretion rate is inversely proportional to cubic power of the velocity dispersion σ. However, the maximum BH mass allowed is ∼ 10 2 M ⊙ for dwarf galaxies whereas there is a BH mass limit of 10 9 M ⊙ for M87 DM halo. We also note that the combination of these two types of accretion moves the baryonic matter curve from the right of the data point to the left.
feeding the BH, leads to a strong limit on the maximum mass of the BH. For an initially distribution of dark matter in the halo without a black hole, the total energy of the system is given by
where M DM , R DM stand for the total mass of the dark matter halo and its size, respectively. After the black hole is formed at the dark matter halo center, its total energy is given by
with R s being the Schwarzschild's radius
Equating E f to E i as a limit, we arrive at the following constraint
from which we derive the black hole mass limit
Assuming an isothermal gas sphere distribution for the dark matter halo, i.e. M DM = 2σ 2 R DM /G, with σ being the dark matter velocity dispersion. We arrive at the final expression for the black hole mass
or
The last two equations constrain the properties of the dark matter matter halo to the black hole and could be considered as the theoretical interpretation of the M BH − σ observed correlation in elliptical galaxies. Here, we note that σ stands for the velocity dispersion of DM. Using the above equations, the BH mass limit M max BH is obtained to be ∼ 10 2 M ⊙ , ∼ 10 6 M ⊙ , and ∼ 10 9 M ⊙ for dwarf galaxies, Milky Way and M87, respectively. The corresponding DM halos have masses of ∼ 4 × 10 9 M ⊙ , ∼ 3 × 10 12 M ⊙ and ∼ 4 × 10 14 M ⊙ . In order to get the above estimates for the maximum BH mass, we have used a DM halo size of R DM ∼ 9 kpc for dwarf galaxies, R DM ∼ 200 kpc for Milky Way and finally the size of M87 is assumed to be ∼ 5 Mpc.
It is interesting to estimate the maximum luminosity attainable by an accreting BH of this mass. This is usually considered to be the Eddington luminosity at which the outward radiation pressure equals the inward gravitational attraction. Using equation (16), the luminosity of a 3 × 10 9 M ⊙ BH is of the order of a few 10 47 erg s −1 and the corresponding accretion rate is about 65 M ⊙ /yr. However, such high luminosity values (Fan et al. 2001 ) would be obtained only for a standard efficiency of ǫ = 0.1 which as seen from Fig.4 does not fit the data point for only baryonic matter accretion.
In Fig. 6 , we investigate how the mass of the BH depends on the starting time of accretion. We find that the growth of the black hole is only affected by initial time of accretion as t i approaches 10 8 years. The data point can be hit by accretion of DM and baryonic matter for a starting time of t i ∼ 2×10 8 years. Baryonic accretion could also grow the seed black hole in this case to 3 × 10 9 M ⊙ BH if the efficiency is ǫ = 1.1 × 10 −2 . This accretion starting time corresponds to a redshift of reionization of z ≈ 17 as obtained by WMAP observations (Krauss 2003) .
Finally in Fig. 7 , we investigate how the growth of the BH is affected by mergers of BHs and changes in the mass of the seed BH at different starting times of accretion. To this effect, we have integrated equation (17) for initial BH masses of M i BH = 5M ⊙ and 10 5 M ⊙ at initial times of t i = 3.5 × 10 6 and 2 × 10 8 years and have also doubled the mass of the BH at these times. The above times correspond to the earliest and latest plausible times for the formation of stellar BHs, which grow into supermassive BHs at redshift z ≈ 6.41. From recent WMAP observations (Spergel et al. 2003) , BHs of masses ∼ 10 5 M ⊙ might have formed at a redshift z ≥ 20. In Fig. 7 , we have plotted only the limiting curves which show the two allowed regions of BHs masses. The region labelled A corresponds to our scenario with a seed BH between 5 and 10 M ⊙ . The region B is for BHs which might have started accreting with high BH masses of about 10 5 M ⊙ . It is well seen from Fig.7 that seed black holes of 10 5 M ⊙ at any formation time cannot grow by the considered mechanisms to only dark matter t i =0 t i =10 5 years t i =10 6 years t i =10 7 years t i =10 8 years t i =2*10 8 years$ Fig. 6 . Here, we investigate the BH growth dependence on the starting time of accretion. We find that starting DM accretion at a time of 2 × 10 8 years would fit the recent discovery of a 3×10 9 M ⊙ BH in the quasar SDSSJ1148+5251 at a redshift of z=6.4, which is the most distant known quasar, observed only 840 million years after the beginning of the Universe (Willot, McLure & Jarvis 2003) . A DM halo mass of 4 × 10 14 M ⊙ has been used. form the 3×10 9 M ⊙ BH at a redshift of z = 6.41. However, if the mass of the seed BH is less than about 10 4 M ⊙ and has formed at a redshift of about z ∼ 17, this could grow by DM and Eddington limited accretion to form the supermassive BH of 3 × 10 9 M ⊙ in the required time. Thus the seed BH could be a stellar mass BH or an intermediate mass black hole (IMBH) of 10 3−4 M ⊙ . Let us mention here that we have treated mergers in a crude way by just studying the effect of doubling the BH mass at its formation. The standard treatment assumes galaxy mergers which consequently make BHs merge. However, it is well established that mergers trees of BHs cannot grow them efficiently (Tyler, Janus, Santos-Noble 2003) .
Conclusion & Discussion
In this paper, we have established that the Galactic BH grows mostly from DM with orbits of about 1 kpc where the scattering of DM particles by molecular clouds occurs and that the BH eats up DM from the inside. We have shown that DM accretion dominates the growth of the BH in early times of the evolution of the Universe. Late stages of BH growth are controlled by Eddington limited baryonic accretion. We have also constrained the possible masses of BHs from DM and Eddington limited baryonic matter, by considering accretion from the least and most massive DM halos. From our analysis, a mass of a 3 × 10 9 M ⊙ BH in the quasar SDSS J114816.64+525150.3 at a redshift of z = 6.41 can be fitted exactly if the accretion process starts at a time of a few times 10 8 years, which corresponds to the reionization time. The seed BH mass could be from a few solar masses up to an upper limit of ∼ 10 4 M ⊙ . For a seed BH mass of 10 3 − 4 M ⊙ , Eddington Fig. 7 . We explore the effect of BHs mergers and the initial masses of the seed BHs. This plot predicts two regions of allowed BH masses. Zone A corresponds to BHs masses with a seed of M i BH ∼ 5M ⊙ whereas region B is for BHs which might have started with higher masses of the order of M i BH ∼ 10 5 M ⊙ . We find that mergers do not have any significant effect in this model. baryonic matter accretion would be enough to grow the seed BH to a supermassive BH of 3 × 10 9 M ⊙ mass. The molecular clouds of mass 10 10 M ⊙ have also been detected in the host galaxy of the same quasar at a redshift of z ∼ 6.41 (Walter et al. 2003) . The data point at a redshift of z = 6.41 can be fitted by only Eddington baryonic matter accretion with an efficiency of ǫ ∼ 0.01.
By varying the initial mass of the BH from 5 M ⊙ to 10 5 M ⊙ at the earliest to the latest possible times of seed BH formation, we have been able to predict the range of allowed redshifts and BH masses. Zones A and B correspond to initial BH masses of ∼ 5M ⊙ and 10 5 M ⊙ , respectively. In addition, we predict that BHs of masses from M BH ∼ 10 6.5 to M BH ∼ 10 9.5 M ⊙ should have a narrow range of maximum redshifts from z ≈ 6 to z ≈ 30. In this model, mergers of BHs do not give any significant effect on the growth of the BH. However, mergers of DM halos as well as the spinning of BHs would play an important role in the growth of the BHs. The consideration of these two effects will be the subject of further investigations.
Observations have shown that the masses of supermassive BHs at galactic centers correlate with the masses of the host bulges, i.e. M BH ≈ 0.002 M bulge (Haering & Rix 2004) . This result is obtained in our model as long as the Eddington limited accretion dominates the final growth of the BH. This happens for black hole masses more than about 10 5 M ⊙ (Wang, Biermann & Wandel 2000) .
Whereas it takes only 8.4 × 10 8 years to grow supermassive BHs in most distant quasars, the Galactic center might have grown to its current mass of ∼ 10 6 M ⊙ with only DM accretion in a Hubble time. In the next paper, we will address the growth of the Galactic center BH.
